1. Introduction {#Ch1.S1}
===============

Lipid is a substance of biological origin that is soluble in nonpolar solvents in biology (Argetsinger and Carter-Su, 1996). And it not only acts as a structural component of cell membranes but also participates in energy conversion, information identification and delivery, material transport, and many other biological processes (Bowman et al., 2016; Bronkhorst et al., 2014). Mammalian cells contain diverse lipids, such as phospholipids, sphingolipids, cholesterol, and triglycerides. Meat quality and flavor mainly depend on the deposition of fat, and the most important factor is intramuscular fat deposition. Studies proved that intramuscular fat deposition mainly referred to triglyceride metabolism (Catala-Rabasa et al., 2011).

Triglycerides are the main constituents of body fat in farm animals and other mammals. Triglycerides are a kind of ester derived from glycerol and fatty acids after a dehydration condensation reaction. Triglyceride sources include endogenous synthesis and exogenous absorption, and exogenous triglycerides firstly decompose into fatty acids and glycerol rather than being deposited directly in adipocytes. Triglycerides that synthesize and deposit in adipocytes need a series of enzymatic reactions to be involved with multiple genes, such as acetyl-CoA, acyl-CoA, and acetyl-CoA carboxylase. In addition, the metabolic rate of triglycerides also affects the deposition of intramuscular fat. Therefore, fat deposition is regulated by the synthesis and decomposition of triglycerides and it is the result of the coordinated regulation of cellular, hormonal, and genetic levels (Catala-Rabasa et al., 2011).

Acyl-CoA synthetase long-chain families (ACSLs) are a class of enzymes that include 26 members and have tissue and substrate specificity (Fahy et al., 2011, 2009), and they are key enzymes that regulate the import/export system in the absorption of fatty acids into cells. ACSLs are a member of acyl-CoA synthetase families (ACSs) that are indispensable in the activation of fatty acids, and play a key role in mammalian metabolism of fatty acids (Nelson and Ackman, 1988). As the carbon chain length of most foodborne fatty acids is 10--20 carbon atoms, ACSL is the most important member of the ACSs and shares a number of key features (Fahy et al., 2011; Gulick et al., 2003). Different ACSL members have similar functional protein structural units and they all have corresponding AMP (adenosine monophosphate) binding sites and CoA (coenzyme A) binding sites. Previous works found that *ACSL5* is a critical activator of dietary long-chain fatty acids and can decrease fatty acid activation in human jejunum (Meller et al., 2013). Bu et al. (2010) conducted a series of trials in which knockdown *ACSL5* could decrease hepatic secretion in neutral lipid synthesis (Bu and Mashek, 2010). The activity of *ACSL5* could affect intestinal microbial relationships and affect lipid metabolism further (Sheng et al., 2018). Overall, the above studies indicate that *ACSL5* plays an important role in the fat metabolism pathway of mammalian animals.

Our previous studies have also shown that the mutations of the *ACSL5* gene in the Simmental cattle population were associated with carcass composition and fat deposition traits of beef cattle (Xiao et al., 2016). However, the function of *ACSL5* on triglyceride synthesis in bovine preadipocytes is rarely reported. To study the function of *ACSL5*, the overexpression and RNA interference vector of *ACSL5* were constructed, and the transfection of bovine preadipocytes was performed by electroporation. Then, intracellular triglyceride contents were detected in preadipocytes of different groups. The results of the present study lay the foundation for further exploring mechanisms of ACSL on bovine fat deposition and also provide a new candidate gene for meat quality traits in beef cattle.

2. Material and methods {#Ch1.S2}
=======================

2.1. Ethics statements {#Ch1.S2.SS1}
----------------------

Animal experiments strictly abided with the "Guide for the Care and Use of Laboratory Animals" by the Animal Health and Use Committee of Jilin University (permit number: SYXK (Ji) pzpx20181227083).

2.2. Relative mRNA expression level of the *ACSL5* gene in bovine tissues {#Ch1.S2.SS2}
-------------------------------------------------------------------------

This study involved three Chinese Simmental steers (28 months old) from the Center for Laboratory Animal Science of Inner Mongolian University. Various tissues, including liver, spleen, kidney, visceral fat, subcutaneous fat, and longissimus dorsi, were selected to detect the expression of the *ACSL5* gene. Total RNA was extracted from tissues using TRIzol reagent (Invitrogen, USA) and was checked with agarose gel electrophoresis. The concentration was measured using a spectrophotometer. Then, 1 $µg$ RNA was reversely transcribed into cDNA using a Prime Script^™^ RT reagent kit with gDNA Eraser (Takara, Dalian, China) following the manufacturer\'s protocol. A pair of specific primers, *ACSL5*-F: 5$^{\prime}$-CCCTACAGATGGCTGTCCTAC-3$^{\prime}$ and *ACSL5*-R: 5$^{\prime}$-GCTCCCAAGGTGTCATACAAG-3$^{\prime}$ were designed using Primer Premier 5.0, and qRT-PCR (quantitative reverse transcription PCR) was carried out using SYBR^®^ Premix Ex taq^™^ (Takara, Dalian, China). The following PCR amplification conditions were used: 95 $^{\circ}$C for 5 min; 40 cycles of 95 $^{\circ}$C for 30 s and 60 $^{\circ}$C for 30 s.

2.3. Construction of overexpression vector pBI-CMV3-*ACSL5* {#Ch1.S2.SS3}
-----------------------------------------------------------

The nested PCR outer primers (O-*ACSL5*-F: 5$^{\prime}$-TGAGGACTCGCAGCAATTCAT-3$^{\prime}$; O-*ACSL5*-R: 5$^{\prime}$-TGAAGGCGGGTAAGGTACAGC-3$^{\prime}$) were designed according to the regions of the 3$^{\prime}$ UTR (untranslation region) and the 5$^{\prime}$ UTR of *ACSL5* gene. The inner primers (the sequence of upstream primer: 5$^{\prime}$-GGCCCGCTAGCATGCTTTTTATCT TTAACT-3$^{\prime}$; the sequence of downstream primer: 5$^{\prime}$-GAATCATCGATCTACTCCTGGGTGTTCT C-3$^{\prime}$) were designed based on the start codon and stop codon of the gene. The first nested PCR amplification was performed using the liver cDNA template. The first step amplification product was used as template for the second PCR. Then the resulting amplicon of approximately 2000 bp was purified and ligated into a pMD18-T simple vector (Takara, Dalian, China). The ligation product was digested with Nhel (NEB, UK) and ClaI (NEB, UK) and ligated into the expression vector pBI-CMV3 (Clontech, USA) that digested with the same enzymes. At the same time, the pBI-CMV3-*ACSL5* plasmid was identified by sequencing (Shanghai Sangon Biotech).

2.4. Construction of interference vector pGPU6/GFP/Neo-*ACSL5* {#Ch1.S2.SS4}
--------------------------------------------------------------

Four sequence-specific single-stranded target sequences were designed according to the sequence of bovine *ACSL5* mRNA and the design principle of shRNA. Then the annealed oligonucleotides were cloned into interference vector pGPU6/GFP-Neo by Shanghai Gemma Pharmaceutical Technology Co., Ltd. The pGPU6/GFP-Neo-*ACSL5* was transfected into bovine fibroblasts to study the quantity of fluorescent expression. Compared with that of the control group, shRNA2 (the transcription sequence: 5$^{\prime}$-GATATCGCCATGGTAATCTGTTTCAAGAGAACAGAT TACCATGG CGATATCTT-3$^{\prime}$) had the highest efficiency of RNA interference.

2.5. Cultivation and identification of bovine preadipocytes {#Ch1.S2.SS5}
-----------------------------------------------------------

Adipose tissue from the kidneys was collected under aseptic operation and transported to the laboratory. Primary cells were obtained from tissues by enzymatic digestion. The digested cells were cultured in DMEM/F12 (Dulbecco\'s Modified Eagle Medium and Nutrient Mixture F-12, HyClone, USA) medium containing 10 % FBS (fetal bovine serum; Invitrogen, USA). Each 50 mL of maintenance medium was supplemented with 500 $µg$ of insulin (Abcam, UK), 1.65 $µ{mol}$ of calcium pantothenate (Sigma, USA), and 8.5 $µ{mol}$ of bovine transferrin (Sigma, USA). After 7 d of induced differentiation, cells were stained with Oil Red O (Sigma, USA) and observed under the microscope (Olympus, CKX41, Japan) until the round and bright lipid droplets had formed in the cytoplasm. Total RNA was extracted from bovine preadipocytes using TRIzol reagent. One microgram total RNA was reverse transcribed into cDNA to study the effect of expression of *ACSL5* gene on the triglycerides content in preadipocytes.

2.6. Transfection of bovine preadipocytes {#Ch1.S2.SS6}
-----------------------------------------

The cells were seeded into six-well plates (Falcon, Franklin Lake, NJ, USA) in DMEM/F12 with 10 % FBS and 1 % penicillin/streptomycin (HyClone, USA). Bovine fetal fibroblasts were transfected with FuGENE^®^ HD Transfection Reagent (Promega, USA) according to the manufacturer\'s instruction. Preadipocytes were transfected by electroporation. Briefly, 300 $µL$ of electroporation buffer (Opti-MEM, Gibco, USA) and 30 $µg$ of the vectors were gently and evenly added to the electroporation cuvette (BTX, USA). Then the preadipocytes were transfected by electroporation under a pulse parameter of 3 pulses per millisecond and a voltage parameter of 200 V. After 24--48 h cultivation, the expression of green fluorescent protein (GFP) in fibroblast cells was observed under a fluorescence microscope (Nikon TE2000, Japan), and the preadipocytes were cultured for 36--72 h after transfection. The overexpression groups included a pBI-CMV3-*ACSL5* group and a pBI-CMV3 control group. The RNA interference groups included a pGPU6/GFP/Neo-*ACSL5* group and a pGPU6/GFP/Neo control group.

2.7. Analysis of *ACSL5* mRNA expression levels by quantitative RT-PCR {#Ch1.S2.SS7}
----------------------------------------------------------------------

To investigate cellular *ACSL5* mRNA levels, the cells were harvested and lysed after transfection for 36 h. Total RNA was extracted and reverse transcribed into cDNA. Primers (*ACSL5*-F: 5$^{\prime}$-CCCTACAGATGGCTGTCCTAC-3$^{\prime}$ and *ACSL5*-R: 5\'-GCTC CCAAGGTGTCATACAAG-3$^{\prime}$) were designed and qRT-PCR was carried out using SYBR^®^ Premix Ex taq^™^. The bovine $\mathit{\beta}$-actin gene (ACTB-F: 5$^{\prime}$-ATGCTTCTAGGC GGACTGTTA-3$^{\prime}$ and ACTB-R: 5$^{\prime}$-TGCCAATCTCATCTCGTTTTC-3$^{\prime}$) was selected as the internal control gene.

2.8. Analysis of *ACSL5* protein expression levels by western blot {#Ch1.S2.SS8}
------------------------------------------------------------------

The cells were lysed using RIPA buffer (radio-immunoprecipitation assay lysis buffer, BOSTER, China) supplemented with protein phosphatase inhibitors after transfection for 48 h. Cell lysate was centrifuged at $12\mspace{2mu} 000 \times g$ for 5 min at 4 $^{\circ}$C and the supernatants were collected. The concentration of protein was determined with a modified BCA (bicinchoninic acid protein quantitation assay) protein assay (KeyGEN BioTECH, China) using a microplate spectrophotometer (BioTek Instruments EON, USA). Equal concentrations of various proteins were resolved by SDS-PAGE and then transferred onto PVDF (polyvinylidene fluoride) membranes (Bio-Red Laboratories, Inc., USA). After blocked with 1 % BSA (bovine serum albumin) for 2 h, the PVDF membrane was washed with TBST and incubated with rabbit polyclonal anti-*ACSL5* antibody (Abcam, USA) and $\mathit{\beta}$-actin (Abcam, USA) over night at 4 $^{\circ}$C. After being washed with TBST, the membrane was incubated with enhanced chemiluminescent HRP-conjugated (horseradish peroxidase-conjugated) anti-rabbit secondary antibody (BioWorld, USA) for 1.5 h at room temperature. The membrane was washed with TBST and the developer (Invitrogen, USA) was uniformly dropped on the membrane. The membrane was exposed using a chemiluminescence imager (Tanon, Shanghai, China) after 3 min of reaction. The gray values of protein bands were digitized by Image-Pro Plus.

2.9. Detection of the triglyceride content in preadipocytes {#Ch1.S2.SS9}
-----------------------------------------------------------

Cells transfected with different vectors in six-well culture plates were collected after transfection. The triglyceride contents were determined using a triglyceride kit (KeyGEN BioTECH, China) according to the manufacturer\'s protocol. The OD values at 550 nm of the sample were detected with a microplate reader (BioTek Instruments EON, USA), and the concentration of triglycerides was calculated according the standard curve. The cellular content of triglycerides was adjusted based on the quantity of protein.

2.10. Statistical analysis {#Ch1.S2.SS10}
--------------------------

The relative expression level of *ACSL5* gene was analyzed using the comparative Ct method ($\left. 2^{- \Delta\Delta\text{Ct}} \right)$ and the significance was evaluated by $t$ test. The data analysis was carried out with SPSS15.0. Statistically significant difference was defined as $p < 0.05$. Experimental data were shown as the mean $\pm$ SE (standard error).

3. Results {#Ch1.S3}
==========

3.1. The abundance of *ACSL5* in bovine tissues {#Ch1.S3.SS1}
-----------------------------------------------

We investigated *ACSL5* mRNA expression level in different tissues of beef cattle. The highest expression level of *ACSL5* was in liver and had an extremely significant difference when comparing the other tissues ($p < 0.01$). The second was in visceral fat and had a twofold higher expression than spleen, subcutaneous fat, longissimus dorsi, or kidney. The spleen showed the lowest level of *ACSL5* expression (Fig. 1). In summary, these results show that the expression of *ACSL5* may have an influence on subcutaneous fat metabolism and visceral fat deposition.

![The abundance of *ACSL5* in six bovine tissues.](aab-62-257-g01){#Ch1.F1}

3.2. Construction of the overexpression and RNA interference vectors {#Ch1.S3.SS2}
--------------------------------------------------------------------

*ACSL5*, which contains 22 exons and 21 introns, is located on bovine chromosome 26 (33, 184, 653-33, 234, 956). *ACSL5* has two transcripts: one is 2651 nt in length, and the other is 2411 nt. The two transcripts only have a difference in the 5$^{\prime}$ UTR region and both encode 683 amino acids (Fig. 2a). To reveal the effect of the *ACSL5* gene on the metabolism of triglycerides, the overexpression vector and RNA interference vector of the bovine *ACSL5* gene were constructed (Fig. 2b). Sequence analysis showed that the CDS (coding sequence) fragments of *ACSL5* were successfully inserted into the pBI-CMV3 vector mediated by restriction endonucleases NheI (GCTAGC) and ClaI (ATCGAT); the shDNA insert (siRNA target oligonucleotide sequences for *ACSL5* gene) was successfully cloned and framed into the multiple cloning sites of the pGPU6/GFP/Neo vector.

![Gene mapping of bovine *ACSL5* and vectors incorporating the *ACSL5* gene. **(a)** Bovine *ACSL5* gene location and structure features. **(b)** pGPU6/GFP/Neo-ACSL and pBI-CMV3-*ACSL5*. E-*ACSL5*: external primers for nested PCR; I-*ACSL5*: internal primers for nested PCR (green indicates protective bases, red indicates restriction sites).](aab-62-257-g02){#Ch1.F2}

3.3. Identification of bovine preadipocytes differentiation {#Ch1.S3.SS3}
-----------------------------------------------------------

After the induction of preadipocytes for 8 d, the cells were prone to be round and bright. Identification of adipocyte differentiation showed that a large number of lipid droplets formed. The droplets were stained red by oil Red O (Fig. 3a). The result indicated that the bovine preadipocytes induced differentiation into mature adipocytes successfully.

![Oil Red O staining of bovine preadipocyte and fluorescence detection and the expression levels of *ACSL5* mRNA and protein. **(a)** A-1: Undifferentiated bovine preadipocytes (unstained, $200 \times$); A-2: undifferentiated bovine preadipocytes (unstained, $400 \times$); A-3: differentiated bovine preadipocytes (stained, $200 \times$); A-4: differentiated bovine preadipocytes (stained, $400 \times$). **(b)** Fluorescence detection of bovine preadipocytes transfected with shRNA-*ACSL5* and pBI-CMV3-*ACSL5*. I-1: shRNA-*ACSL5*-transfected bovine preadipocytes (visible light); I-2: shRNA-*ACSL5*-transfected bovine preadipocytes (fluorescence); I-3: negative control vector-transfected bovine preadipocytes (visible light); I-4: negative control vector-transfected bovine preadipocytes (fluorescence). II-1: pBI-CMV3-*ACSL5*-transfected bovine preadipocytes (visible light); II-2: pBI-CMV3-*ACSL5*-transfected bovine preadipocytes (fluorescence); II-3: negative control vector-transfected bovine preadipocytes (visible light); II-4: negative control vector-transfected bovine preadipocytes (fluorescence). **(c)** The expression level of *ACSL5* mRNA in bovine preadipocytes. c-I: the expression level of *ACSL5* mRNA in bovine preadipocytes transfected with the shRNA-*ACSL5* and pGPU6/GFP/Neo plasmids. c-II: the expression level of *ACSL5* mRNA in bovine preadipocytes transfected with pBI-CMV3-*ACSL5* and pBI-CMV plasmids. **(d)** The expression level and the gray value ratio of *ACSL5* protein in bovine preadipocytes. D-$\ddagger$T: the expression level and the gray value ratio in bovine preadipocytes transfected with shRNA-*ACSL5* and pGPU6/GFP/Neo plasmids. D-$\ddagger$U: expression level and the gray value ratio in bovine preadipocytes transfected with pBI-CMV3-*ACSL5* and pBI-CMV plasmids.](aab-62-257-g03){#Ch1.F3}

3.4. Transfection of bovine preadipocytes by electroporation {#Ch1.S3.SS4}
------------------------------------------------------------

After bovine preadipocytes were transfected with pGPU6/GFP/Neo-*ACSL5* and negative control vector for 48 h, the expression of green fluorescence could be observed in the preadipocytes transfected groups but not in the blank control group (Fig. 3b). The result showed that the *ACSL5* interference vector was successfully transfected and highly expressed in bovine preadipocytes. The same result could be obtained in the pBI-CMV3-*ACSL5* vector transfected groups (Fig. 3b).

 {#Ch1.S3.SS5}

The qRT-PCR results revealed that the *ACSL5* mRNA expression level in pGPU6/GFP/Neo-*ACSL5*-transfected cells was significantly decreased compared with that in the pGPU6/GFP/Neo-transfected cells ($p < 0.05$, Fig. 3c). On the other hand, the *ACSL5* mRNA expression level in the pBI-CMV3-*ACSL5*-transfected cells was significantly increased compared with that in the pBI-CMV3 transfected group ($p < 0.05$, Fig. 3c).

The preadipocytes were harvested and lysed after transfection for 48 h to investigate cellular *ACSL5* protein expression levels. Total protein was extracted from transfected cells and the content of *ACSL5* protein was analyzed by western blot. The result showed that the expression level of *ACSL5* protein in the pGPU6/GFP/Neo-*ACSL5* transfected group was significantly decreased compared with that in the pGPU6/GFP/Neo transfected group ($p < 0.05$, Fig. 3d). Furthermore, the protein level in the pBI-CMV3-*ACSL5* transfected group was significantly increased compared with that in the pBI-CMV3 transfected group ($p < 0.05$, Fig. 3d).

3.6. The effect of *ACSL5* on triglyceride content in preadipocytes {#Ch1.S3.SS6}
-------------------------------------------------------------------

The triglyceride content in preadipocytes of different transfection groups was analyzed. The result showed that the triglyceride content in the pBI-CMV3-*ACSL5* transfected group was significantly higher compared with that in the pBI-CMV3 transfected group ($p < 0.05$). Meanwhile, compared with that in the pGPU6/GFP/Neo transfected group, the triglyceride content of bovine preadipocytes in the pGPU6/GFP/Neo-*ACSL5* transfection group was lower, but the difference did not achieve statistical significance (Fig. 4).

![The content of triglyceride in preadipocytes of different transfection groups. **(a)** The triglyceride (TG) content of bovine preadipocytes transfected with the pBI-CMV3-*ACSL5* and pBI-CMV3 vectors. **(b)** The TG content of bovine preadipocytes transfected with the shRNA-*ACSL5* and pGPU6/GFP/Neo vectors.](aab-62-257-g04){#Ch1.F4}

4. Discussion {#Ch1.S4}
=============

ACSLs act on fatty acid activation in mammalian organisms, which is a prerequisite for fatty acids to participate in all physiological metabolic activities (Li et al., 2010). Anterior studies have noted the importance of the association between meat quality and ACSLs expression level. Bionaz and Loor (2008) have demonstrated that the sustained upregulation of ACSL1 enabled fatty acids toward copious milk fat synthesis in bovine mammary glands (Bionaz and Loor, 2008). After steers were fed with a high-starch diet, including ACSL1, some potential genes increased significantly (Graugnard et al., 2009). Compared to other ACSL family members, *ACSL5* is highly tissue specific. The expression of *ACSL5* has been associated with meat quality traits in beef cattle, which indicated that *ACSL5* might have a significant effect on triglyceride synthesis and lipid assimilation (Lopes-Marques et al., 2013). Our studies demonstrated the hypothesis that *ACSL5* could regulate triglyceride (TG, triacylglycerol) synthesis through cloning vectors and tranfections.

Eukaryotic expression vector is a common method for gene function verification by overexpressing genes. In the process of constructing the overexpression vector, there were two synonymous mutations, T264C and T702C, in the *ACSL5* gene coding region compared with the NCBI (National Center for Biotechnology Information) published sequence. After sequencing, we observed that all the cloned plasmids have the two mutation sites, indicating that T264C and T702C are most probably two SNP (single-nucleotide polymorphism) sites in wild cattle. In this experiment, mRNA expression level of *ACSL5* showed a significant increase in bovine preadipocytes transfected with pBI-CMV3-*ACSL5*. Although the mutation caused a triple-codon mutation, it did not change the amino acid type.

The shRNA interference is a common way to study the function of mammalian genes (Mashek et al., 2004; Bofill-De Ros and Gu, 2016). The position of the complementary sequence in shRNA has a great influence on the interference efficiency (Mendez et al., 1997; Shmakov et al., 2015; Snead et al., 2013). Therefore, we needed to conduct the screening of the interference sequence at the cellular level in the RNA interference experiment to confirm the interference sequence with the highest efficiency of interference. In this experiment, four shRNA interference vectors were designed. After screening, the vector with the highest interference effect was selected for electroporation. The present study was designed to determine whether *ACSL5* could impact triglyceride synthesis. In the overexpression transfection group, the content of TG was significantly increased. And the interference-transfection group was decreased but no significance. A possible explanation is that other members of the ACSLs family have compensatory mechanism effects on *ACSL5*.

Transfection of bovine preadipocytes with chemical methods has low transfection efficiency and cannot meet the experimental requirements (Watkins et al., 2007; Yang et al., 1996). Therefore, electroporation was used in our experiments. Electroporation, which can be used for a majority of cell transfections, is a physical cell transfection method (Zhang et al., 2004). The damage was negligible, and the transfection efficiency was satisfied.

In this experiment, the overexpression vector and interference vector were constructed and transfected into bovine preadipocytes successfully. In the overexpression transfection group, the content of triglyceride increased significantly compared with the control. And in the interference transfection group, the content of triglyceride decreased compared with control. These results all indicated that *ACSL5* could regulate triglyceride synthesis in bovine preadipocyte.

5. Conclusion {#Ch1.S5}
=============

The study was to clarify the roles of *ACSL5* in regulating synthesis of triglycerides and lipid droplet formation in bovine preadipocytes. Research results confirmed that *ACSL5* gene could promote the synthesis of triglycerides in bovine adipocytes by participating in the fatty acid metabolism pathway. The interaction of *ACSL5* with related fatty acid synthase in the fatty acid biosynthesis pathway needs further analysis.
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